Introduction

Lidar Wake Vortex Tests
The wake vortex data presented in this report were collected using a cw doppler lidar concept which was developed in the early 1970s. It was first deployed at Kennedy Airport to track and measure wake vortices1.
The Kennedy tests were followed by a series of alleviation tests2,3 designed to study how wake vortices could be alleviated by various flap and spoiler configurations for the Boeing-747. The Voipe Center was involved with the data analysis of the first alleviation test2 and both data collection and analysis of subsequent tests. The data collection featured: (1) a scan strategy that gave good tangential velocity profiles and (2) a real-time display that permitted manual tracking of the vortices. The Voipe lidar was used to study rotorcraftwakes4 in the mid 1980s. In 1990 it was used to study the wakes from the Boeing-727, -757 and -767 under unique desert conditions with mountain drainage flowss-6 and in 1991, before its final ♦Manager Aviation Safety Division Senior Member AIAA tPresident retirement, it was deployed for a short test at the Dallas/Fort Worth Airport.
Scope of Paper
The alleviation test reports interpreted the results narrowly in terms of the immediate test goals. Subsequently, however, for those familiar with them, the results have revolutionized their understanding of the decay mechanisms for wake vortices from jet transport aircraft. In particular, the results indicate that the conventional decay mechanism of vortex core diffusion is not relevant to jet transport wakes. The purpose of this paper is to make this information and its interpretation available to all interested in wake vortex decay.
The data available for presentation in this paper are the published alleviation reports23 and the data collected in the 1990s, which has not been reported in depth. The authors apologize for the quality of the figures from the alleviation reports which had to be scanned from hard copies, since neither the data nor the original figures are now available. Apologies are also in order for the mixture of English and metric units stemmingfrom the long duration of the study.
Thispaper is declared a workof the U.S. Government andis not subject to copyright protection in the United States. 1
Vortex Profiles
After the wake roll-up process is complete, an aircraft wake can be described as two counter rotating, axially symmetric line vortices. Each vortex can be characterized by its tangential velocity profile v(r), where r is the distance from the vortex center. The circulation profile T(r) can be calculated from the velocity profile: r(r) = 27trv(r).
(
As the vortex radius r increases, the circulation approaches an asymptotic value:
where W= aircraft weight p = air density
for uniform loading and K = n/4 for elliptic loading).
Vortex Decay Mechanisms
The Greene model7 of vortex decay indicates how turbulence and stratification affect the decay of total circulation (Equation 2) out of ground effect:
1. Turbulence has a direct effect on decay and causes the circulation to start decreasing immediately after wake generation.
2. The effect of stratification is related to buoyancy of the recirculation oval and is delayed since the buoyancy force is proportional to the distance the wake has descended.
The longest vortex lifetimes are expected when turbulence is low and atmospheric stratification is neutral. However, in practice low turbulence generally occurs only when the atmosphere is stratified (or perhaps for a short time after a stratified atmosphere becomes neutrally stratified). Cases with long-lived wake vortices were selected for this paper; consequently, the atmosphere was probably stratified for these cases. Note that, when wake vortices approach the ground, they are influenced by the additional effects of windshear and interaction with the surface boundary layer.
The vortex decay data presented in this paper are for wake vortices generated out of ground effect; however, the analysis will emphasize the detailed decay of the circulation profile (Equation 1), not the total circulation. Of course the two must be related; the profile decay data will provide some insight into the decay process. 5. The Rayleigh instability dictates that the vortex circulation must increase with radius. Therefore, countersign vorticity wrapped around the outside of a vortex can effectively annihilate the outer vorticity of the vortex and force the circulation profile to be constant beyond a certain radius.
Lidar Characteristics
The lidar9 is a cw backscatter homodyne system10 operating at 10.6 microns with 20 W of transmitted power. Range resolution is achieved by focusing with a 30-cm diameter Cassegrain telescope; the focal range is adjusted by moving the secondary mirror. The range resolution (distance between half power points) is proportional to the range; since the measurements are poor when the resolution is either too large or too small, the useful operating range of the lidar is about 40 to 250 meters. The lidar response falls off slowly beyond the half power points and hence can respond to strong targets well outside the nominal range resolution. The backscatter signal is produced by atmospheric aerosols; smoke generators were mounted on the aircraft for the alleviation tests to provide flow visualization and to increase the lidar signal-to-noise ratio. The doppler shift in the scattered signal is a measure of the line-of-sight component of the atmospheric wind field. The beam scanner can vary the elevation angle from horizon to horizon. The lidar scans a plane perpendicular to the aircraft flight path by varying the range and elevation angle. Since the focal spot is long in range and very narrow in angle, the most efficient scan method is to scan arcs in elevation at various fixed ranges.
The return signal is analyzed with a surface acoustic wave (SAW) spectrum analyzer that generates doppler spectra that are averaged for 2 or 4 msec. Since the range response is relatively broad, the resulting doppler spectrum contains contributions from different portions of the wake being measured. The largest doppler shift will come from the point where the lidar beam is tangent to the vortex tangential velocity. The return from this point will also give a peak in the spectrum since the line-of-sight velocity is constant for 1. The upper plot shows the intensity of the peak above the noise threshold. The two lower ranges (410 and 336 feet) have comparable intensities which increase roughly linearly with vortex radius, as might be expected. The highest range (466 feet) has much lower peak intensities when the vortex peaks are above the detection threshold (vortex radius of 25 feet or greater). The observed intensities suggest that the actual vortex range is about midway between the second and third range (i.e., 373 feet).
2. The bottom plot shows the velocity bin of the peak; each bin corresponds to 0.55 m/s. The two sides of the vortex have opposite line-of-sight velocities but give the same sign doppler shift because the return signal is mixed with the transmitted signal. Where the peak intensities of the vortex tangential velocity peak are above the noise threshold (e.g., vortex radius above 25 feet for all ranges), all three arc scans give equivalent tangential velocities. Where the peak signal is below the noise threshold, the velocity drops below the actual tangential velocity. The velocity drop out at the vortex core is broad for the 466-foot range scan but much narrower for the other two scans which are much closer to the actual vortex range. For vortices with small cores and high core tangential velocities (typical for most of the jet transport fleet), the lidar cannot measure the core because of signal-tonoise-ratio limits. 
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Alleviation Test Results
The alleviation tests2,3 deployed spoilers during flight in order to reduce the strength of the vortex velocity flow field. Figure 2 shows2 the effect of alleviation on the velocity profile of a B-747 in landing configuration; at an age of 24 seconds the roll-up processes are complete but little decay has occurred under the low turbulence conditions of the tests. The spoilers have reduced the maximum tangential velocity by almost a factor of two. The shape of the velocity profile is dramatically changed; the tangential velocity is constant from 1 to 12 meters. However, beyond 13 meters the velocity profile is essentially unchanged.
The alleviation tests included smoke generators at the wing tip and the outer edge of the outer flap. Since the final rolled up vortex core originates from one of these two locations (flap for normal landing configuration, wing-tip for alleviated landing configuration), the core had enhanced aerosol density. Because of the high scattered signal and relatively low core velocities, the core velocity profiles could often be resolved in the alleviation tests. Nevertheless, the core dropouts shown in Figure 1 were sometimesobserved. 
First Alleviation Test
The first B-747 alleviation test2 did not have the real-time tracking capabilities available for later tests. Fortunately two runs, one normal and one alleviated, were reasonably well tracked and were analyzed in detail. These runs (shown in Figure 2 ) gave the baseline B-747 circulation profiles used in subsequent data analysis.
•46 Considerable processing was done to generate the data in Figure 2 . Figure 3 shows the raw tangential velocity data for ages 13 and 24 seconds for the normal run shown in Figure 2 ; the lidar is looking up at the vortex pair. The velocity dips mark the locations of the vortex cores. The tangential velocity is actually negative between the two cores. Note that, at 13 seconds, the flow visualization gives clear velocity signals near the vortex cores but a dropout between the vortices. This dropout lasted until 24 seconds when the smoke had finally diffused to fill the region between the vortices. At 24 seconds the angle scan covered only half of the left vortex. Note that the smoke was more widely dispersed in the alleviated run; no dropout was noted between the two vortices The conversion of velocity profiles into circulation profiles via Equation 2 requires that the velocity asymmetry, caused by the line-of-sight motion of the vortex, be corrected so that the two sides of the vortex have equivalent circulation profiles. Figure 4 shows the circulation data for the two sides of the right vortex in the lower plot of Figure 3 . The circulation data are well fitted with a straight line when the vortex radius is plotted on a logarithmic scale. The circulation for large radii is approximately equal to the 600 m2/s value expected for a B-747 according to Equation 2. 
where Tc =253 m2/s and rc=2.51 m. The logarithmic form of this equation was proposed by Hoffman and Joubert11 to describe turbulent vortices. The vortex decay observed in Figure 5 can be interpreted as follows: The vortex decay in Figure 6 clearly starts at the outside and moves into smaller vortex radii, reaching a transition radius of 8 meters at 48 seconds and 4 meters at 81 seconds. Inside the transition radius the circulation changes very little in 81 seconds. Outside the transition radius the circulation is roughly constant and decreases to about 150 m2/s at 81 seconds.
Second Alleviation Test
The second B-747 alleviation test3 consisted of four normal and seven alleviated out-of-ground-effect runs conducted on two separate days under low turbulence conditions (snow covered ground). The circulation profile decay plots (far too numerous to reproduce here) were essentially similar to those from the first alleviation test, although the vortex lifetimes were longer (perhaps because of improved vortex tracking).
Another plot format was used for these tests to display the entire run in a single plot. Figure 7 shows a normal run and Figure 8 an alleviated run, which immediately followed the normal run. These plots show the average circulation for both wake vortices. The average is calculated from zero radius up to four fAj>,rtv,-i>,:Wi Figure 6 for this reason). After that time the 5-meter average circulation remains constant until age 80 seconds before starting to decay. The average circulation for higher averaging radii starts to decay earlier at about 55 seconds.
Discussion
The circulation profile T(r) represents the integral of vorticity out to radius r. For the normal landing B-747 vortex half the vorticity is located within a radius of 3.5 meters and three quarters within a radius of 5.5 meters (see Figure 4) . The alleviation process spreads out the vorticity so that half is located within a radius of a 6.5 meters and three quarters within a radius of 10 meters (see Figure 6 , scan 25). The differences in the vorticity distribution for alleviated and normal vortices may permit the elucidation of different dissipative processes.
The decay of the circulation profile represents the diffusion of vorticity to larger radii. The vorticity in the core is locked up by the lack of turbulence and the ineffectiveness of normal viscous diffusion. This effect is noted in both normal and alleviated vortices. Outside the core, turbulent processes can transport vorticity to larger radii. This effect is more noticeable for normal than alleviated vortices. At larger radii vorticity can be canceled by countersign vorticity produced, for example, by buoyancy effects; the effect of this vorticity will propagate toward the vortex core via the Raleigh instability to give a circulation profile that is constant beyond a certain radius. This effect is more noticeable for alleviated than normal vortices. In Figure  6 the cancellation of vorticity clearly propagates in to smaller radii as time progresses. The same effect may be seen, but not so clearly, in Figure 8 .
Recent Test Results
The 1990 and 1991 tests collected data from other types of aircraft than the B-747 used in the alleviation tests. The analysis methods used for the alleviation tests are not appropriate because the true core tangential velocities were never resolved (as in the core dropout in Figure 1 ).Consequently, recent studies6 developed new analysis methods which did not require valid core measurements.
Since these tests were conducted relatively recently and utilized operator vortex tracking, the characteristics of vortex decay could be assessed in real-time. In particular, when a vortex decayed within the lidar scan area, the vortex signatures (see Figure 2) usually disappeared quickly, in five or ten seconds after the last good signature. The final vortex demise appears to be a catastrophic event, perhaps related to the sinuous instability or vortex bursting.
Idaho Falls Test
Tower fly-by tests5 are normally conducted with a crosswind that transports long-lived wake vortices out of lidar range before they decay. For two B-767 runs the crosswind was low enough that the upwind vortex could be tracked by the lidar operator until it disappeared. Note that these runs are not strictly out of ground effect and were not for landing configuration.
The decay of the circulation profile for these two runs is shown in Figures 9 and 10 . The data in figure 9 lasts longer but starts at about 75 seconds. The data in Figure 10 start at about 25 seconds and therefore give a more complete picture of vortex decay. In this plot format the circulation profile is averaged over small increments of radius (5 feet) on both sides of the vortex and plotted against vortex age. In general, the circulation value increases with the averaging radii. The first increment, 0-5 feet, is omitted since it is completely inside the core velocity dropout (see Figure 1 ). The position of the core dropout for these runs was in the next increment, 5-10 feet, which is plotted but will have a value that depends upon the signal-to-noiseratio. Therefore, the circulation values are valid only for increments greater than 5-10 feet. In fact, the increment 10-15 feet in Figure 10 shows the cleanest picture of vortex decay:
1. The circulation starts at about 70 percent of the total circulation and remains constant for about 60 seconds.
The less age circulation then decays more or less linearly to than one third of the initial total circulation at 160 seconds. The measured decay for higher increments in Figure 10 is more erratic. They show, however, that the outer portions of the vortex decay more rapidly than the 10- The lidar was installed under the approach path where the aircraft were at approximately 500-foot altitude. Vortices could be tracked until final demise only if the crosswind was low, which was not the case for most runs. Under heavy traffic conditions data could be collected only for every other arrival. The wake vortices from the previous run were still active when a new aircraft arrived. Of course, the normal vortex descent brought the old vortices well below the altitude of the new vortices, so that only one set could be selected for tracking.
A number of long-lived runs for different aircraft types were selected for analysis. The aircraft size also affects the validity of the various circulation profile increments. For example, the 5-10-foot increment appears to be mostly valid for the three smaller aircraft but not for the In all cases the 15-20-foot increments are plausible estimates for the total circulation.
Faster decay for the outer portion of the vortex is noted for the B-727 and possibly for the B-737 (but with a drop in core circulation between 40 and 50 seconds) but is not clearly seen for the MD-80 or DC-10. Additional cases of the DFW data set must be studied to obtain more definitive results.
Conclusions
Vortex Decay Mechanism
The classical picture of vortex decay is viscous expansion of the core with constant total circulation. Although this picture describes the results of low Reynolds Number experiments, it is inconsistent with the high Reynolds Number data presented here for jet 
B-747 Vortex Characteristics
The lidar velocity profiles presented in this paper for B-747 wake vortices are significantly different from those measured recently14 at Heathrow airport. The latter show a smaller core with higher tangential velocities. In addition to this discrepancy, two other observations suggest that the wake vortices from the B-747 in landing configuration are unstable between two different vortex structures: The observation presented in this paper [that the vortex circulation profile often decays to a form where the circulation is approximately constant outside the vortex core] suggests that the average circulation with radius a outside the core will give a reasonable estimate of total circulation for decayed vortices. If the range from a to c is selected to exclude invalid or noisy data for a particular sensor, then the resulting circulation estimate should be independent of the measurement method.
